INTRODUCTION
A wide range of non-systemic agents have been used therapeutically in the treatment of diseases of the gastrointestinal tract. These include negatively charged molecules such as sucralfate, ecabet, carrageenan, polyacrylates (e.g. carbopols) and complex bismuth salts. It has been proposed that these agents work by inhibiting pepsin and acting as mucoadhesives [ 1-51. However, few studies have been reported on the ability of these agents to interact with the mucus barrier.
The mucosal surface of the stomach and duodenum is covered by a continuous layer of adherent mucus gel of a thickness between 50-450pm in man [6] . The adherent gel functions as a key component of the protective mucosal barrier against host digestive juices and the access of pathogens [7] . Experiments in uiuo and in vitro demonstrate that there is a continual erosion of the mucus barrier by endogenous luminal pepsin in the upper gastrointestinal tract [8, 91. However, because the adherent mucus gel presents an effective permeability barrier to pepsin, digestion can only take place at the luminal surface of the mucus gel. In the non-pathological condition, secretion of new mucus balances that lost by pepsin digestion and mechanical erosion preserving a continuous protective gel layer over the mucosal surface. However, gastric juice from peptic ulcer patients has increased mucolytic activity relative to non-ulcer control patients. This difference can be explained by changes in the secretion pattern of the pepsin types [9] . These changes in pepsin activity in peptic ulcer diseases are associated with a weakened mucus barrier which has a lower proportion of polymeric mucin in its mucus gel than the barrier in non-ulcer control patients [ 10, 113. Therefore any agent that can inhibit pepsin activity will reduce the level of endogenous mucolysis of the mucus gel barrier. However, if the agent is a mucoadhesive its therapeutic potential will be much greater 'than an inhibitor of pepsin alone. The crosslinked polyacrylate, carbopol 934P, has been shown to be a most effective mucoadhesive [4, 121 with mucosal protective properties against alcohol damage in man [13] and rat [14] . Carbopol 934P has also been shown to inhibit mucolysis of pig colonic mucin and proteolysis of albumin by faecal proteinases and trypsin [3] .
In this study we have investigated the characteristics of the interaction between carbopol 934P and its structural analogues with gastric mucin and pepsin.
Mucin preparation
Mucus gel scraped from the surface of pig stomachs was collected into 0.2 mol/l NaCI, 0.02% NaN, at 4°C and solubilized by mild homogenization for lmin in a Waring blender. Insoluble material and tissue debris were removed by centrifugation for 1 h at 2 . 4~ 104g and 4°C. Mucin was separated from the bulk of the protein contaminants by gel filtration on a Sepharose CL-4B column (90cm x 10cm) eluted upwards with 0.2mol/l NaCI/ 0.02% NaN, at 4°C. The leading edge of the excluded peak was taken as the 4B mucin preparation. (The leading edge accounted for about 45% of the total volume of the excluded peak.) The proportion of polymeric mucin present was assessed by fractionation on a Sepharose CL-2B column (150cm x 1.5 cm) at 4°C [lo] . For some experiments mucin was isolated free from contaminating noncovalently bound protein and nucleic acid by subjecting the excluded peak from the Sepharose C L 4 B column to equilibrium density gradient centrifugation in 3.5mol/l CsCl [lS, 161. Mucin concentration was assayed colorimetrically using the periodic acid/Schiffs method [ 171; papain-digested pig gastric mucin was used as a standard.
Carbopol solutions
Carbopol dissolves in aqueous conditions at an extremely slow rate. Therefore carbopol was dissolved by adding it to a stirred solvent slowly over a period of hours. The resulting solution was then stirred overnight before use in the experiments.
Rheological measurements
The viscosity of solutions of mucin and/or carbopol 934 was measured using a Contraves 30 low shear cup and bob viscometer. Preparations of mucin and carbopol before mixing were stirred overnight at 4°C and the required pH. Much/ carbopol mixtures were formed from these solutions by rapid mixing on a magnetic stirrer. These solutions and mixtures were pre-equilibrated for 30 min at the temperature of measurement, except in the time-dependency studies. Flow curves for shear stress versus shear rate (1.75-128.5/S) were obtained for both increasing and decreasing shear rates [ 181.
Binding studies
Mucin solutions were precentrifuged for 1 h at 2000g and aliquots of the supernatant were taken to determine mucin concentration using periodic acid/Schiffs [ 171. Mucin and carbopol solutions were mixed and incubated for 30min at 37°C and then centrifuged for 1 h at 2000g. Aliquots of the supernatant were assayed with periodic acid/Schiffs for mucin, and with Alcian Blue for carbopol.
For studies on the binding between carbopol and BSA, 0.4-2.0mg/ml solutions of carbopol 934P in 0.01 mol/l HCl, pH 2.2, were mixed with a 1 mg/ml solution of albumin (0.01 mol/l HCI, pH 2.2) for 30min at 37°C and then centrifuged for 1 h at 2000g. Aliquots of the supernatant were assayed for protein using the method of Lowry et al. [19] . Binding between pepsin and carbopol was investigated using 0 . 4 4 0 mg/ml solutions of carbopol 934P in 0.01 mol/l HCI, pH 2.2, mixed with a 2mg/ml solution of pepsin in 0.01 mol/l HCl, pH 2.2. The mixture was incubated for 30min at 37°C and then centrifuged for 1 h at 2000g. The percentage pepsin sedimenting was determined by assaying pepsin remaining in aliquots of the supernatant after centrifugation using the Lowry assay for protein and the N-terminal assay for proteolytic activity [3, 201 .
Pepsin inhibition studies
In pepsin inhibition studies the activity of pepsin was measured using a modification of the method of Lin et al. [3] , i.e. a sensitive trinitrobenzene sulphonic acid assay for the formation of new peptide N-terminals.
RESULTS
Mucin from pig stomach was isolated and partially purified by gel filtration on Sepharose 4B [21] . Eight different 4B mucin preparations were used in this study. The majority of the mucin was excluded on Sepharose CL-2B (mean percentage excluded, 62% range 53-7479. Exclusion from Sepharose CL-2B is characteristic of polymeric mucins [lo, 221. A 2mg/ml solution of this preparation of pig gastric mucin had a specific viscosity (a,) at pH 2.0 of 0.23 (range 0.140.31).
A dramatic synergism was observed between mucin and carbopol, where the specific viscosity of the mucin/carbopol (MC) mixture increased in a concentration-dependent manner over and above the sum of the specific viscosity of the individual components (Fig. 1) . For example, the percentage increase in specific viscosity at pH 2.0, 25"C, over and above the specific viscosity of mucin plus that of carbopol ( M + C ) was 270% and 1900% at concentrations of 4 mg/ml and 10 mg/ml carbopol, respectively, in the presence of 10mg/ml pig gastric mucin. The synergistic increase in specific viscosity of a carbopol/mucin solution was also dependent on mucin concentration, for example the percentage increase was 800% and 1700% at concentrations of mucin of 4mg/ml and 10mg/ml, respectively, in the presence of 10mg/ml carbopol (data not shown). The stability of the mucin-carbopol interaction was investigated with respect to time. The specific viscosity of a carbopol/mucin mixture (both of 5mg/ml at pH 2.2 in 0.2mol/l NaCI) fell sharply over the first 30min of incubation from 8.7 to 4.7 (a fall of 46% at 25°C) and from 6.8 to 3.1 (a fall of 54%) at 37°C. The specific viscosity of the mixture was essentially constant over the next 36 h, the longest time measured. Neither the mucin nor the carbopol solutions alone showed any fall in viscosity with time. In all other experiments reported in this paper the mucin/carbopol mixtures were incubated at either 25°C or 37°C for 30min before any measurements being made to give sufficient time for the equilibrium and stabilization of the mucin-carbopol interactions. Increasing the temperature from 20°C to 45°C has a small effect on the interaction between carbopol and mucin as shown by a fall in synergistic increase in viscosity from 140% to 90% between 20°C and 45°C.
The specific viscosity of a 2mg/ml mucin and 4mg/ml carbopol solution at pH 7.0 was 7.4 compared with 1.0 at pH 2.2 ( Fig. 2 ). This increase in viscosity of the mixture with respect to pH was primarily due to a substantial increase in carbopol viscosity at pH 7.0. Determination of the intrinsic viscosity of carbopol showed that it occupies about 10 times the space in 0.2mol/l NaCl at pH 7.0 compared with pH 2.2 (intrinsic viscosities of 0.24, 0.023 mg/ml, respectively). The viscosity of a 2mg/ml solution of mucin in 0.2mol/l NaCl was unaffected by these changes in pH. The synergistic increase in specific viscosity at pH 7.0 was larger than that at pH 2.2, 200% and 70% for carbopol and mucin concentrations of 4mg/ml and 2mg/ml, respectively. It should be noted that the synergistic increase in specific viscosity was more marked at pH 2.2 but only at higher carbopol concentrations. However, the overall specific viscosity was lower for the mucin/carbopol mixture at pH 2.2 compared with pH 7.0 (Fig. 2) . These pH-dependent differences in the viscosity of mucin-carbopol mixtures were abolished if the measurements were made at high ionic strength. Measurement in 2.0mol/l NaCl and Zmol/l NaCl at p H 7.0 ( A --a measured at 25°C had no effect on the mucin/carbopol solution viscosities at pH 2.2. Fig. 3 shows that in 0.2mol/l NaCI, pH 2.2, and 2.0mol/l NaCl, pH 7.0, there was an increase in viscosity with increasing carbopol concentration, virtually identical up to 8 mg/ml carbopol.
Intrinsic viscosity measurements [q] for mucin and carbopol alone or mucin/carbopol mixtures at pH 2.2 in 0.2 mol/l NaCl were 0.125 ml/mg, 0.023 ml/mg and 0.09 ml/mg for mucin, carbopol 934P and mucin/carbopol mixtures, respectively. The theoretical value for [q] of a stable mucin/ carbopol complex should be 0.148 or above. However, the measured intrinsic viscosity for the mixture was only 0.09 ml/mg, which demonstrated that the synergistic increases in specific viscosity and hence the interactions between mucin and carbopol are The relationship between viscosity and C[q] at pH 2.2 can be seen in Fig. 4(a) . Mucin gave a linear plot of log specific viscosity versus logC[q] up to the values measured, i.e. C [ q ] of 1.06 (8.5mg/ml). However, the plots of the mucin/carbopol mixture and carbopol alone showed evidence of intermolecular interaction. The slope of the lines changed from 1.2 to 3.2 for the mucin/carbopol mixture and 1.58 to 3.75 for carbopol solution alone. The points of inflection for the much/ carbopol mixture and carbopol alone occurred at similar C [ q ] values, i.e. 0.398 and 0.320, respectively, corresponding to 2.69 mg/ml mucin and 2.69 mg/ml carbopol, 5.38 mg/ml total concentration for the mixture and 13.9mg/ml for carbopol alone.
Information about these interactions was obtained by measuring the shear dependence of viscosity at pH 2.2 over low shear rates (1;) between 0.875 and 94.5/S and at a coil overlap above the point of inflection on Fig. 4(a) . Fig. 4(b) shows that solutions of mucin or hyaluronic acid alone show minimal shear dependence of viscosity at this degree of space filling. In contrast, the viscosities of carbopol alone and mucinxarbopol mixtures are shear rate dependent. The mucin-carbopol mixture shows the greatest extent of shear dependence of viscosity as seen by comparing the slopes of the lines in Fig. 4(b) : -0.64, -0.33, -0.13 and -0.05 for mucin/carbopol mixture, carbopol, hyaluronic acid and mucin, respectively.
The ability of the divalent cation, Ca2+, to enhance the interaction between mucin and carbopol was investigated using a sedimentation assay. Mucin, which had been purified by Sepharose 4B gel filtration followed by CsCl equilibrium density centrifugation, was used in this experiment. The concentrations of mucin and carbopol used were below the space filling concentrations where significant interactions occurred (Fig. 4 4 , namely 0.25 mg/ml mucin and 0.33 mg/ml carbopol. The mixture of mucin and carbopol in 0.2mol/l NaCl, 37"C, pH 3.5, was incubated for 30min and then centrifuged (1 h, 2000g) to remove the carbopolmuch complex. Centrifugation of carbopol alone resulted in 96% (range 92-100%) sedimenting. Significantly more mucin sedimented in the presence of carbopol than that with mucin alone over the whole range of CaCl, concentrations used (6.7-67 mmol/l), 9.0&2.8% in the absence of carbopol and 35.3 f 3.3% in the presence of carbopol (mean & SEM, n=7, P=O.001, two-tailed, using Student's ttest). In the absence of calcium only 5% of the mucin co-sedimented with the carbopol, while between 14 and 47% co-sedimented in the presence of calcium. This was not directly related to calcium concentration. The effect of the size and shape of carbopols on the interaction with mucin was investigated using cross-linked and linear carbopols of different molecular M, values (Table 1 ). The specific viscosities of the cross-linked carbopols at 10mg/ml did not relate directly to M,. The synergistic increase in specific viscosity and hence the level of interaction increased with increasing M, of carbopol and was dependent on cross-linking of the polymer.
Proteolytic cleavage of the mucin [24] had a profound effect on the carbopol-mucin interaction. Papain-digested mucin (2 mg/ml) had a specific viscosity of 0.07 which increased to 1.28 in the presence of 10 mg/ml carbopol (pH 2.2 0.2 mol/l NaCI). This was a synergistic increase of only 33%. In comparison, 4B mucin (2mg/ml) has a viscosity of 0.23 which increased to 10.5 in the presence of 10 mg/ml carbopol, a synergistic increase of 1060%.
The effect of carbopol 934P on pepsin hydrolysis was investigated (Fig. 5) . Pepsin (1 pg/ml) was incubated in the presence of 2 or 4mg/ml carbopol, or its absence, for 30min at 37°C in O.Olmol/l HCI, pH 2.2, with varying substrate concentrations (0-10 mg/ml). At 4 mg/ml carbopol, pepsin hydrolysis was inhibited by 64% and 43% using 4mg/ml and 10 mg/ml albumin, respectively. The percentage inhibition was reduced when the carbopol concentration was halved (Fig. 5) .
The inhibition of pepsin activity can be explained by the reversible binding of pepsin and albumin by carbopol. The amount of pepsin bound to carbopol rose with increasing carbopol concentration. Carbopol at 0.4mg/ml or 4mg/ml bound 31% and 73% of a 2mg/ml solution of pepsin, respectively, at pH 2.2. The percentage serum albumin bound to carbopol also rose with increasing carbopol concentration. Carbopol at 0.4mg/ml or 2mg/ml bound 46% and 100% of a 1 mg/ml solution of albumin, respectitely. The binding of pepsin to carbopol was also shown to be pH-dependent. A carbopol solution of 4mg/ml bound decreasing amounts of a lmg/ml solution of pepsin with increase in pH, i.e. 60, 35, 11 and 3% at pH 2.2, 3.0, 5.0 and 6.0, respectively. As the inhibition of pepsin activity was due to binding of both substrate and enzyme, Lineweaver-Burk plots showed a complicated picture with an increase in K, and a decrease in VmaX,. It was therefore not possible to classify the type of inhibition as competitive or non-competitive. However, an inhibitor constant, Ki, could be calculated from the slope of the inhibition lines. The K i for carbopol 934P inhibition of pepsin digestion of albumin was 5.3 x lo-' mol/l.
DISC USSlO N
Pig gastric mucin has been extensively characterized and shown to possess the same major structural features as human gastric mucin [24] .
The polyacrylate carbopol 934P (M, -3 x lo6) caused a dramatic synergistic increase in the viscosity of mucin solutions over the sum of the viscosities of the individual polymer solutions before mixing. This synergistic increase in viscosity of the mucin/carbopol mixture demonstrates interaction between the two polymers. The synergistic increase in viscosity was dependent on mucin and carbopol concentrations.
The interaction between mucin and carbopol was in two phases, an unstable initial phase, which rapidly dissipated over the first 30min, and a stable phase which lasted up to 36 h, the limit of measurements made. This stable interaction was essentially reversible in that it could be diluted out giving an intrinsic viscosity of 0.09 ml/mg. The theoretical value for no interaction would be the mean of the carbopol and mucin intrinsic viscosities, i.e. 0.074 ml/mg. The measured value of 0.09 ml/mg could mean that up to 20% of the mixture had formed a more permanent interaction. Increasing the temperature from 20°C to 45°C decreased the synergistic increase in specific viscosity of the mucin/carbopol mixture by about 35%, suggesting that some of the stable interactions were sufficiently weak that they could be disrupted by thermal energy. The large increase in specific viscosities of carbopol-mucin solutions at pH 7.0 compared with pH 2.2 suggested that the interaction between the two polymers was greatly enhanced at higher pH (Fig. 2) . However, an increase in the specific viscosity of carbopol alone between pH 2.2 and 7.0 accounts for most of the increase. The change in pH from 2.2 to 7.0 will mean that most of the carboxyl groups in the carbopol polymer chain are dissociated, producing electrostatic repulsion in the chain and making the carbopol molecules expand and become rigid. In 0.2mol/l NaCl there are not enough counter ions to completely shield these negative charges and consequently, there is a 10-fold increase in the space occupancy of carbopol. At the same time, the percentage synergistic increase is higher at pH 7.0 compared with pH 2.2 for low carbopol concentration, more than twice that at 4 mg/ml carbopol (Fig. 2) .
Therefore, taking into account the contributions from the expanded carbopol molecules, at pH 7.0 there is still evidence of a greater interaction with mucin than at pH 2.2 at carbopol concentrations of 4mg/ml and below. However, when the carbopol concentration reaches 5 mg/ml there is now virtually no carbopol-mucin interaction at pH 7.0 (0.2 mol/l NaCI) as shown by only 13% synergism. There is now a carbopol-carbopol interaction taking place as shown by the asymptotic rise in carbopol viscosity (Fig. 2) . These data suggest that when there is a large synergistic increase in viscosity with carbopol/ mucin mixtures that one effect of the mucin is filling the space in solution and allowing carbopolcarbopol interactions to take place.
In 2.0 mol/l NaCl the mucin/carbopol mixture at pH 7.0 behaved essentially as it did at pH 2.2 in terms of the synergistic increase in viscosity (Fig. 3) . This is due to the charge shielding of the carboxyl groups on carbopol by the increased sodium concentration causing a reduction in intramolecular repulsion, and the molecule to collapse. The viscosity of the mucin solution was unchanged by the shift in pH from 2.2 to 7.0 or by the increase in ionic strength. This insensitivity of much to changes in pH contradicts the results of Bhaskar et al. [ZS] . However, in their study, mucin was used at concentrations of 1&30mg/ml whereas here we used 2-10 mg/ml. Nevertheless, out previous results [26] show that rheological properties of gastric mucin gels (3&50 mg/ml mucin) are unaffected by changes in pH. The hydrodynamic size of mucin molecules is increased at low ionic strength but only below 100mmol/l [27] , which is below the ionic strength used in these studies.
If the effect of expansion of the carbopol molecules with change in pH is controlled by increasing the available counterions, pH has little, if any, direct effect on the carbopol-mucin interaction as assessed by viscosity measurements (Fig. 3) .
The concentration at which intermolecular interactions occur in polymer solutions can be determined from plots of log specific viscosity against log C [q] . Such plots show significant intermolecular interactions at concentrations of 2.69 mg/ml for both mucin and carbopol. Carbopol 934P alone did show a sharp change in gradient at a concentration of 13.9 mg/ml indicative of inter-carbopol interactions. This was at substantially higher solute concentrations than the 5.38 mg/ml at which interaction occurs with carbopol and mucin. From this it can be seen that the interactions in the mucin/carbopol mixture are dependent on space filling of the solution by the polymers to the extent that interpenetration and interaction occurs in the mixture. Carbopol and mucin interactions occur at a combined space occupancy (C[q] ) of 0.398, whereas mucin alone shows no interaction at a space occupancy of 1.06 (Fig. 4 4 . However, carbopol-carbopol interactions occurred at a similar value of C[q]. 0.320, to that for the mucin/carbopol mixture. This suggests that the major interaction in the mixture is carbopol-carbopol, and mucin is acting primarily in a space filling role, having a higher space occupancy at pH 2.2 than carbopol. Pig gastric mucin does interact at higher concentrations, i.e. 20 mg/ml and above [28] leading to gel formation [23] under conditions where there is considerably greater intermolecular penetration than in the mucin-carbopol mixture. Information about the interactions between mucin and carbopol can be obtained by measuring the shear dependence of viscosity at low shear rates (Fig. 4b) . The data plotted can be compared, at the same degree of space occupancy of the species, with the behaviour of a known system, i.e. hyaluronic acid, where the main interactions are entanglement with some more specific but fleeting chain-chain interactions [29] . For entangled systems the plot of log specific viscosity is essentially independent of shear at low rates (logj &2.0/s) and shows a Newtonian plateau where intermolecular entanglements disrupted by flow are replaced by new interactions between different partners [29] . At the same degree of space occupancy, the mixture of much and carbopol showed a strong shear dependence. In contrast to hyaluronic acid alone, mucin alone showed little or no dependence on shear.
These results suggest that the time scale of intermolecular associations within the mucin/carbopol mixture is longer than would be anticipated for a purely entangled system or a system with entanglement and short-lived positive interactions, such as hyaluronic acid. Therefore, longer term positive interactions are occurring in the carbopol/mucin mixture. At this degree of space occupancy the much solution used here demonstrates no evidence of any interaction over and above polymer entanglement. Carbopol, however, at a space occupancy equivalent to that found for the carbopol/mucin mixture showed evidence of positive longer term interaction at a relatively low degree of coil overlap.
It follows that a reasonable explanation for the interactions in the mucinxarbopol mixture result from a combination of mucin with its relatively high space occupancy, filling the solution volume sufficiently for positive interactions between the carbopol molecules (with low space occupancy) to become appreciable.
The large reduction in interaction between mucin and carbopol after proteolysis of the mucin can be explained by the loss of its polymeric structure and the large 3-fold reduction in space filling as determined by C [u] . However, it cannot be completely ruled out that the non-glycosylated protein plays some role in the interaction and the data for different carbopols show that in order to maximize the interactions between mucin and carbopol, both molecules should be of large molecular size and the carbopol should be cross-linked.
Experiments in vitro showing that some mucin binds to carbopol and in vivo experiments showing carbopol binds to the surface mucus gel in the gastrointestinal tract [ 14, 301, would indicate that positive interactions between the two polymers do occur. These positive interactions appear to be enhanced by the presence of Ca2 +, presumably by cross-linking of negatively charged groups between the polymers.
Previous reports have shown that carbopol significantly inhibits pepsin activity in vivo and in vitro [30, 313 . The inhibition of pepsin activity by carbopol is mediated through the binding of enzyme and substrate to carbopol. This binding appears to be the result of non-specific hydrophobic interactions at low pH as seen by the reduction in binding of pepsin as the pH increases. Similar results are seen with the binding of proteins to the putative antiulcer drug Ecabet [2] .
Carbopol 934P compares favourably on a molar basis with other putative anti-ulcer drugs, sucralfate [l] and solon [32] , which inhibit peptic digestion of albumin with Ki values of 5.7 x 10-5mol/l and 31.6 x mol/l, respectively. The viscosity data for gastric mucinxarbopol interactions confirm that carbopol is substantially more effective in increasing the viscosity of mucin solutions than the other antiulcer compounds solon and sucralfate [l, 3, 321. In the stomach, carbopol 934P could have two effects in strengthening the ability of the mucosa to resist damage from gastric juice: first, by binding to the mucus gel it will strengthen its structure and also stabilize its luminal surface against physical disruptions, and, secondly, by inhibiting proteolysis of the mucus gel by pepsin at the mucosal surface. Carbopol 934P and polyacrylates in general may therefore be useful as potential therapeutic agents in peptic ulcer disease where the adherent gastric mucus barrier has been shown to be structurally weaker [lo] and the gastric juice has an increased ability to erode the mucus barrier due to elevated amounts of pepsin 1 [9] .
